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Abstract

Linear absorption spectra from intersubband resonance in InAs/AlISb quantum wells are analyzed theoretically using the
intersubband semiconductor Bloch equation approach. Our model goes beyond the Hartree-Fock approximation and treats
particle-particle correlations under the second Born approximation. Electron-electron and -LO phonon scatterings from
such a treatment describe intrinsic line broadening to the intersubband resonance. Electron subbands are determined self-
consistently with a spurious-state-free 8-band k - p Hamiltonian under the envelope function approximation. To compare
with experimental measurements, we also included line broadening due to electron-interface roughness scattering. Excellent
agreement was achieved for temperature-dependent absorption spectra in the mid-infrared frequency range, after taking into
careful account the interplay of material parameters, nonparabolicity in bandstructure, and many-body effects.

Key words: Intersubband resonance, Quantum wells, InAs/AlSb, Many-body effects
PACS: 78.67.De, 78.30.Fs, 78.20.Bh, 73.21.Fg

1. Introduction in quantum well (QW) structures [1]. Owing to quan-

tum confinement effect, subbands are formed and in-

Compact and efficient infrared (IR) light sources are tersubband transitions are possible by electric dipole

needed for portable and small footprint sensing and coupling to the light field. Naturally, light absorption

communications. In particular, far infrared (FIR) co-
herent sources of this type are useful to identify molec-
ular species and imaging. One way to generate coherent
IR radiation is using intersubband resonance (ISBR)
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and photoluminescence serve as excellent spectroscopic
mechanisms for characterization and investigation of
the devices.

In our effort to generate FIR radiation, we have cho-
sen an Sb-based compound semiconductor heterostruc-
ture, or InAs/AlSb quantum wells. For this study on
sample characterization and physical model validation,
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we chose 10nm thick QWs, which have about 200meV
(mid-IR) intersubband separation. The 20 periods of
QWs were grown by MBE (molecular beam epitaxy)
and details are given separately [2]. The samples were
unintentionally doped and electron density was de-
termined by Hall and Shubnikov-de Haas measure-
ments to be in the range of 1-10 x10'* cm ™2 per well.
ISBR spectra were obtained by Fourier-transform in-
frared spectroscopy in a waveguide geometry as a func-
tion of temperature (T'). Theoretically, the Hartree-
Fock approach based on the density matrix theory was
used to account for many-body effects, including self-
energy, vertex contribution, depolarization field, and
dephasing (leading to line broadening) due to electron-
electron and -LO (longitudinal optical) phonon scatter-
ings [3,4]. The derived intersubband polarization (in-
duced by a light field) equation was numerically solved
by a matrix inversion. As input for numerical analy-
sis of the equation, subband dispersions were calcu-
lated self-consistently for the single QW case by as-
suming uniformly distributed (2nm thick) and fully
ionized dopants in the neighboring barrier region [7].
Microscopic aspects of the equation are given in the
next section, followed by an illustration of the inter-
play of material parameters, nonparabolicity in band-
structure, many-body effects, and comparison of the
simulation results with typical ISBR spectra in Sec.
3. The achieved agreement in all-around characteris-
tics between simulated ISBR spectra and experiments
validates our microscopic model. We conclude with a
summary in Sec. 4.

2. Theoretical Approach

We modeled the experiments from a single QW view-
point. The experimental samples had 20 periods of
QWs, but electrons in different wells were treated in-
dependently because of strong confinement. Inhomo-
geneous line broadening due to well-to-well fluctua-
tion was ignored. The physical system consists of an
interacting electron gas confined within a QW, which
is subject to scatterings by interface roughness (IFR),
LO phonons, and electrons themselves, resulting in line
broadening for ISBRs. We adopted a perturbative ap-
proach to treatment of the Coulomb interaction among
electrons and electron-LO phonon (Frohlich) interac-

tion in the framework of Hartree-Fock approach [4].
We ignored the light propagation effect.

We derived the equation of motion (EOM) for dy-
namic variable fmn(k), where m,n label ground (= 1)
and excited subband (= 2), and k is the in-plane
wavevector (perpendicular to £ direction). Specifically,
f11(k) (f22(k)) is the electron distribution function
for the ground (excited) subband. p(k) = fi2(k) is
the intersubband polarization function. The resultant
EOMs are termed the intersubband semiconductor-
Bloch equations. In linear absorption regime, which
this study covered, the electron distributions were
given by the Fermi function, whereas the intersubband
polarization equation was linearized with respect to
the light field. The rotating wave approximation was
invoked and an ansatz p(k) = Pk exp(—iwt) for the
incident light field E, (t) = Eo exp(—iwt)Z was made.
Then, the intersubband polarization equation was
reduced to
{hlw + ivp(k)] — (26 — 1)} Pe + ihdPe/dt| Y

= (diEo — €21k) (fo2k — fr1k) (1)

where ~,(k) includes all the diagonal parts of scat-
terings. The non-diagonal contributions from electron-
LO phonon and -electron scatterings are given by the
term with superscript (nd), whereas its subscript inc
denotes the incoherent nature of scatterings. emr =
Er (k) 4+ €mmk consists of subband energy dispersion
(first term) and self-energy (second term). di is the
electric dipole matrix element for TM (transverse mag-
netic) light field. 21z gives rise to the local field effect,
which has two sources: a vertex correction that reflects
the nonlocal nature of exchange interaction, and a de-
polarization field term that arises from dynamic screen-
ing due to direct Coulomb interaction among electrons.
(Refer to [5] for details.) A numerical matrix inversion
was performed to obtain Pg. Then, the optical suscep-
tibility was given by x(w) = P/eoEo where the total
polarization P = 2S/[(27)*V] [ dkdj, Px. V = WS, W
is the QW thickness and S is a normalization area. The
absorbance is given by 2Wa(w) (per bounce at full TM
polarization), where the absorption coefficient a(w) ~
wZIm [x(w)] /nc. n is the background refractive index
and c is the speed of light in vacuo.

As input to Eq. (1), energy dispersion E,,(k) was
obtained self-consistently from a spurious-state-free 8-
band k-p model [6] under the envelope function approx-



imation [7]. Dephasing from IFR scattering was eval-
uated with Ando’s theory [8], whereas other contribu-
tions were treated within the second Born approxima-
tion [3,4]. The single plasmon pole approximation was
used for screening electron-LO phonon and -electron
interactions [3], whereas screening by phonons was ne-
glected (in mid-IR frequency range). Modeling details
will be published elsewhere [9].

3. Comparison With Experiments

There were two outstanding material issues in mod-
eling ISBRs. First, T-dependence of both subband en-
ergy dispersions and electron density is needed. To this
end, parameters in the k- p model were adjusted to re-
produce the measured T-dependence of the InAs con-
duction band effective mass. Also, a T-dependent con-
tribution was added to an MBE-operation-dependent
constant base density: n = Ng + ncy (7). This extra
portion is rather universal in InAs/AlSb QWs [10] and
we call it Chadi term [11]. We modified Chadi’s treat-
ment by an adjusting prefactor («):

AT?

= 2
T+p )
where a was taken to be 1/3 to simulate the density

increase of 2-3 x 10! ¢cm ™2 from 0K to 300K as exper-
imentally observed [10], D2p is the 2D electron den-

nca(T) = a* Dap

sity of states, and the fraction gives the T-dependent
part of the InAs bandgap. The values for these param-
eters were taken from Chadi’s work [11]. Second, IFR
dephasing is the leading line broadening mechanism in
GaAs QWs [12]. For InAs QWs, we showed that even
though IFR plays a significant role at low 7', dephasing
by LO phonon and electron scatterings becomes pre-
dominant at high 7" and density levels, partly owing to
large nonparabolicity in InAs [9]. Since the IFR param-
eters, i.e., fluctuation height A and coherence length
A, are unknown, we fixed A to be 4 Aand treated A
as an adjustable parameter with a default value of 43
A [12].

With these caveats we now discuss modeling of
ISBR spectra of 10nm InAs/AlSb QWs (Fig. 1).
Experimental spectra were plotted as —tlogr/w (¢:
waveguide thickness; w: width; r: ratio of s/p polariza-
tion transmission ratio with QWs over the transmis-
sion ratio without QWs). This expression differs from
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Fig. 1. Quantitative comparison of theoretical (upper) and
experimental (lower) absorbance. Parameter values used
in simulation: base electron density Ng = 2 x 101 cm~2,
interface fluctuation height A = 4 A, and coherence length
A=51A.

the fully-TM-polarized single-bounce absorbance by a
constant, Nsin(20)/4In10 (N: QW periods; 0: angle
of incidence). For absolute comparison, the theoretical
spectra were multiplied by this constant. Absorbance
is roughly proportional to electron density, which al-
lowed us to gauge the base density used in our simula-
tion. However, to specify the base density (Ng) and an
IFR parameter (A), we first investigated their effects,
as shown in Fig. 2. With one exception (explained
below), the left column shows ISBR spectra with de-
fault IFR dephasing, whereas the right column depicts
the spectra with the default IFR dephasing doubled.
The same density was used in each row. Doubling IFR
dephasing broadens the ISBR line shape; the effect
is enhanced at low T" when dephasing caused by LO
phonon and electron scatterings is impeded due to the
phase-space filling effect for electrons and reduction
in phonon population. The relative ISBR strength at
different temperatures is thus modified, as a function
of N4 and subject to the influence of the Chadi term.
At high T, however, scatterings by both LO phonons
and electrons dominate over the IFR effect. This in-
vestigation enabled us to estimate Ny from high T
ISBRs and IFR dephasing from low T spectra. (This
explains the exception in Fig. 2, which was a result of
the recursive process that allowed us to obtain A = 51
A~ 43 Ax+/14 in Fig. 1. Note that the IFR dephas-
ing rate is proportional to AZA? and independent of
temperature.) The set of determined parameters led



to an excellent overall agreement between the sim-
ulated spectra and the experimental ones (Fig. 1),
in terms of line shape, width, peak position, and its
T-dependence.
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Fig. 2. Effects of adjusting IFR dephasing and
T-dependence of electron density via Chadi term. Base elec-
tron densities (Ng) are the same in the same row. IFR de-
phasing rate was doubled in the right column from default
values (corresponding to A = 4 Aand A = 43 A) in the left
column (except mid-panel—1.4 times the default dephas-
ing rate).

Finally, we note that the above comparison is quanti-
tative and absolute with all relevant parameters either
given independently or determined within acceptable
range. Furthermore, optimization permitted, our the-
oretical modeling promises an independent approach
to determination of such hard-to-measure quantities,
such as IFR coherence length.

4. Summary

To summarize, we presented our comprehensive the-
oretical effort to modeling InAs/AlSb quantum-well
intersubband resonances and demonstrated excellent
agreement with experiments. The intersubband semi-
conductor Bloch equations were derived using the
Hartree-Fock approach. Linear absorption from in-
tersubband resonance was evaluated by numerically
solving the polarization equation. Proper considera-
tion was given to all major physical effects, such as
nonparabolicity and self-consistency in bandstructure,

temperature dependence of material parameters, and
many-body effects. Thanks to some extra effort, the
satisfactory results not only serve our characterization
purpose and validate our theoretical model, but also
suggest a new way of measuring electron density and
quantifying interface roughness.
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